A formulary for the application of the Diósi-Penrose criterion to solids in quantum superpositions is developed, which takes the solid's microscopic mass distribution (resulting from its nuclei) and its macroscopic shape into account, where the solid's states can differ by slightly different positions or extensions of the solid. For small displacements, smaller than the spatial variation of the solid's nuclei, the characteristic energy of the Diósi-Penrose criterion is mainly determined by the mass distribution of the nuclei. For large displacements, much larger than the solid's lattice constant, the solid can be idealised as a continuum, and the characteristic energy depends on the solid's shape and the direction of the displacement. In Diósi's approach, in which the mass density operator has to be smeared, the solid's microscopic mass distribution plays no role. The results are applied to a special single-photon avalanche photodiode detector, which interacts as little as possible with its environment. This is realised by disconnecting the detector from the measurement devices when it is in a superposition, and by biasing the photodiode by a plate capacitor, which is charged shortly before the photon's arrival. For a suitable choice of components, the detector can stay in a superposition for seconds; its lifetime can be shortened to microseconds with the help of a piezoactuator, which displaces a mass in the case of photon detection.
Introduction
The Diósi-Penrose criterion is a rule of thumb for estimating the lifetimes of quantum superpositions. The lifetime of a superposition scales with the inverse of a characteristic gravitational energy, which only depends on the mass distributions of the superposed states [1, 5, 6] . The Diósi-Penrose criterion is often used for quantitative assessments of experimental proposals aiming to measure some aspects of wavefunction collapse [7] [8] [9] [10] [11] [12] [13] [14] . It arises from gravity-based approaches to wavefunction collapse of Diósi [15] and Penrose [6] . Gravity is the most often discussed candidate for a physical explanation of collapse. Although the approaches of Diósi and Penrose start from This paper is structured as follows. In Section 2, we recapitulate the Diósi-Penrose criterion. In Section 3, we work out the Diósi-Penrose criterion for superposed solids. In Section 4, we apply these results to the components of the single-photon detector, i.e. to capacitors, resistors, wires and piezoactuators. In Section 5, we calculate the lifetime of the single-photon detector and show how much it can be shortened with the help of a piezoactuator displacing a mass in the case of photon detection.
Diósi-Penrose criterion
The Diósi-Penrose criterion is an easy-to-use rule of thumb for estimating lifetimes of quantum superpositions. The lifetime of a superposition depends on how much the mass distributions of its states differ from each other. The mean lifetime of a superposition can be calculated by means of a characteristic gravitational energy, which we call the Diósi-Penrose energy E G . This energy divided by Planck's constant can be thought of as a decay rate leading to the following lifetime T G of the superposition [5, 6] :
(1)
The Diósi-Penrose energy depends on the mass distributions of the superposition's states ρ 1 (x) and ρ 2 (x) like [1, 5, 6 ]
where G is the gravitational constant. In their original publications, Diósi and Penrose derived the Diósi-Penrose energy (2) without the factor 1 2 [5, 6] . In an overview article [14] , Bassi however showed that Diósi's approach leads to a Diósi-Penrose energy with the factor 1 2 . In [1] we showed how the factor 1 2 can also be derived from Penrose's approach.
A helpful illustration of the Diósi-Penrose energy is as follows, which only holds for superposed rigid bodies, whose states are displaced against each other by a distance ∆s (i.e. ρ 2 (x)=ρ 1 (x−∆s)). Assuming hypothetically that the masses of the superposition's states attract each other by the gravitational force, the Diósi-Penrose energy describes the mechanical work to pull the masses apart from each other over the distance of ∆s against their gravitational attraction. From this illustration, it follows that for small displacements ∆s, where the gravitational force can be linearised, the Diósi-Penrose energy increases quadratically with the displacement ∆s (E G ∝∆s 2 ). At large displacements ∆s, where the gravitational attraction vanishes, the Diósi-Penrose energy converges to a constant value. It is important to note that this illustration of the Diósi-Penrose energy leads also to the factor 1 2 in Equation (2) . The derivation of this illustration of the Diósi-Penrose energy is given in Appendix 1.
For some calculations, it is helpful to convert the Diósi-Penrose energy (2) into a different form. With the gravitational potentials Φ i (x) resulting from the states' mass distributions ρ i (x) 3 , Equation (2) can be converted into states' gravitational fields g i (x) resulting from their gravitational potentials by g i (x)= −∇Φ i (x) as follows [1] :
Diósi-Penrose energy (4) This expression was used by Penrose as a starting point for the derivation of his approach [6] .
An important difference between Diósi's and Penrose's approaches is that the operator ρ(x) for calculating the mass density ρ(x) has to be smeared in Diósi's approach, e.g. like [16] ρ
where σ D is the characteristic radius for the smearing and m i ,x i the mass and position operator of the i's particle, respectively. This modification is necessary to avoid divergences in Diósi's master equation for the evolution of the density matrix. As we will see later, this modification leads to different lifetimes of superpositions in Diósi's approach.
Diósi-Penrose criterion for solids in quantum superpositions
In this section, we apply the Diósi-Penrose criterion to solids in quantum superpositions. In Section 3.1 we show that one can distinguish two contributions in the calculation of the Diósi-Penrose energy of superposed solids, the so-called short-and long-distance contributions. In Section 3.2 we calculate the short-distance contribution and in Section 3.3 the long-distance contribution to the Diósi-Penrose energy. In Section 3.4 we regard both contributions in a common view. In Section 3.5 we show that Diósi's approach leads to different results in certain regimes. In Section 3.6 we give hints as to how to treat combinations of different solids.
Short-and long-distance contributions to the Diósi-Penrose energy
To define the short-and long-distance contributions to the Diósi-Penrose energy of a superposed solid, we regard the solid in Figure 1 , whose states are displaced against each other by a distance of ∆s. With the illustration that the Diósi-Penrose energy describes the mechanical work to pull the solid's states apart from each other over the distance ∆s against their gravitational attraction (Section 2; Appendix 1), it follows that for small displacements being of the order of the solid's nuclei's spatial variation σ, this work is mainly given by the work to separate corresponding nuclei apart from each other, as illustrated on the left in Figure 1 . This follows from the two facts that the nuclei's masses are concentrated within small areas, and that the gravitational attraction becomes particularly large at small distances (F G ∝1/r 2 ). The contribution of this mechanical work to the Diósi-Penrose energy, i.e. the work to separate corresponding nuclei apart from each other, is denoted as the short-distance contribution to the Diósi-Penrose energy. This contribution to the Diósi-Penrose energy depends only on the mass distribution of the solid's nuclei. To obtain the complete mechanical work to separate the states of superposed solids apart from each other, we have to regard, in addition to the gravitational attraction of a nucleus to its counterpart in the other state, the attraction of this nucleus to all other nuclei in the other state, which can be at far distance from the regarded nucleus. To calculate this additional mechanical work, which is illustrated on the right in Figure 1 , the solid can be approximated as a continuum with a constant mass density, since the concrete mass distributions of the attracting nuclei play no role at long distances. The additional mechanical work resulting from this consideration is called the long-distance contribution to the Diósi-Penrose energy. This depends on the solid's shape and the direction of the displacement ∆s.
Short-distance contribution
In this section, we calculate the short-distance contribution to the Diósi-Penrose energy of a superposed solid. We first calculate the mechanical work to pull the states of a superposed single nucleus apart from each other.
Diósi-Penrose energy of a superposed nucleus
The mass distribution of the nucleus shall be approximated by a Gaussian distribution:
where m is the nucleus' mass and σ its spatial variation. The mechanical work to pull the states of a nucleus apart from each other over the distance ∆s against their gravitational attraction is given by
Diósi-Penrose energy of a nucleus
The function f σ (x) of this result can be approximated for small and large values of x by
The function f σ (x) is shown in Figure 2 . The derivation of Equations (7) and (8) is given in Appendix 2.
Spatial variation of the solid's nuclei
For solids at room temperature, the nuclei's spatial variation σ is mainly determined by the excited acoustical phonons in the solid and is typically of the order of a tenth of anÅngström. The following estimation for the nuclei's spatial variation σ refers, as all other calculations of this paper, to solids at room temperature. However, all our results can easily be adapted to low temperatures by determining the nuclei's spatial variation σ for this case.
The density of states of the phonons in a solid can be described with Debye's model [17] ,
where ω D is the Debye frequency and N the total number of nuclei of the solid. In Appendix 3, it is shown that the Debye model leads to the following spatial variation of the solid's nuclei:
spatial variation of nuclei (10) where T is the temperature, k B Boltzmann's constant and m the mean mass of the solids' nuclei, which is defined by
Here N i is the number of nuclei with mass m i . It is important to note that the nuclei's spatial variation σ (10) is the same for all nuclei, independent of their mass m i . This results from the fact that for acoustical phonons, which mainly determine the nuclei's spatial variation σ, neighbouring nuclei oscillate in phase. The Debye frequency of the solid ω D can on the one hand be calculated from its Debye temperature Θ D by the relationhω D =k B Θ D [17] , which leads to The Debye temperature Θ D is usually determined from the temperature profile of the solid's specific heat [17] . The Debye frequency of the solid ω D can on the other hand be calculated from the solids' longitudinal and transverse sound velocities v || and v ⊥ (Appendix 3), which leads to
whereḡ is the solid's mean lattice constant. The mean lattice constant follows from the mean mass m and the macroscopic mass density ρ of the solid bȳ
mean lattice constant (14) Table 1 shows the nuclei's spatial variation σ Θ calculated from the solid's Debye temperatures by Equation (12) and the spatial variation σ v calculated from the solid's sound velocities by Equation (13) for selected solids at room temperature (T = 300K). The spatial variations σ Θ and σ v agree quite well and are typically of the order of a tenth of anÅngström (σ≈ 0.1Å). All following calculations use the spatial variation calculated from the solid's Debye temperature (i.e. σ≡σ Θ ). 4 The characteristic Diósi-Penrose energy densities T Table 1 also shows the solid's mean lattice constantḡ, which will play an important role later. The mean lattice constantḡ is typically of the order of twoÅngström (ḡ≈2Å) and roughly 20 times larger than the nuclei's typical spatial variation of σ≈ 0.1Å (ḡ/σ≈20).
Short-distance contribution for small displacements: ∆s<<σ
The short-distance contribution to the Diósi-Penrose energy of a superposed solid is given by the sum of the Diósi-Penrose energies of its nuclei. This leads with result (7) to
where <f σ (∆s/σ)> denotes the averaging over the function f σ (∆s/σ). This averaging becomes necessary when the displacements ∆s between belonging nuclei are not the same for all nuclei. This is the case when e.g. the solids have different extensions in the superposed states. In our calculations of the Diósi-Penrose energy of superposed solids, we regard the four cases in Figure 3 , which are referred to as displaced plate, extended plate, extended rod and extended sphere. In the displaced plate, the solid has in the two states of the superposition slightly different positions. In the other three cases, the extended plate, rod and sphere, the solid has in the two states slightly different extensions, as illustrated in Figure 3 .
For displacements much smaller than the nuclei's spatial variation (∆s<<σ), where the function f σ (x) (8) quadratically increases, Equation (15) can be converted with the help of
where V is the solid's volume, α geo the so-called geometric factor andq the so-called quadratic mass factor of the solid. The geometric factor depends on the solid's shape and the direction of the displacement and is for the four cases in Figure 3 given by
The quadratic mass factor is defined bŷ
quadratic mass factor (18) For solids consisting of only one chemical element, the quadratic mass factor is one (q =1). Table 1 shows the quadratic mass factorsq of the selected solids.
The quadratic increase of the short-distance contribution to the Diósi-Penrose energy (16) with the displacement (E G ∝∆s 2 ) at displacements much smaller than the nuclei's spatial variation (∆s<<σ) is generic, since the attracting gravitational force between the nuclei can be linearised for small displacements.
Short-distance contribution for large displacements: ∆s>4σ
For large displacements with ∆s>4σ, Equation (15) yields
where F geo (x) is the so-called geometric function. The geometric functions of the displaced and extended plate are given by
For large values of x, the geometric functions converge to one (lim x→∞ F geo (x)=1). That 5 In the derivation ofF e−pl (x), the function f σ (x)is approximated by a straight line on the inter- Figure 2 ). the Diósi-Penrose energy converges against a constant value for large displacement is generic for the short-distance contribution, since the attracting gravitational force between the nuclei vanishes for large displacements ∆s. The geometric functions of the extended rod and sphere can also be expressed by analytical expressions, but are not needed in further discussions.
Short-distance contribution for small and large displacements
Equations (16) and (19) for the short-distance contribution to the Diósi-Penrose energy for small and large displacements ∆s can be brought together as follows:
, short-distance contribution to the Diósi-Penrose energy of a solid (21) where T S G is the so-called characteristic Diósi-Penrose energy density of a solid, which is given by
characteristic Diósi-Penrose energy density of a solid
The characteristic Diósi-Penrose energy density multiplied by the solid's volume T S G V describes the short-distance contribution to the Diósi-Penrose energy for an infinitely large displacement (∆s→∞). Table 1 shows the characteristic Diósi-Penrose energy density divided by Planck's constant T S G /h for the selected solids, which describe according to the Diósi-Penrose criterion (1) a decay rate per volume. This quantity ranges from 4M Hz/cm 3 for aluminium, to over 42M Hz/cm 3 for iron, and up to 730M Hz/cm 3 for iridium.
Differences in monocrystals
Equation (21) for the short-distance contribution to the Diósi-Penrose energy assumes amorphous crystals. In monocrystals, which are displaced along one of their axes, one obtains a different behaviour. When the nuclei's positions of the displaced solid exactly coincide with those of the not-displaced one, the mechanical work for this displacement is zero, i.e. the Diósi-Penrose energy does not monotonically increase with ∆s, but oscillates with a period of ∆s=g. In amorphous crystals, the chance that the position of a displaced nucleus coincides with the position of a not displaced one is of the order of (2σ/ḡ) 3 , which is one in a thousand for the typical ratio ofḡ/σ≈20.
Long-distance contribution
The calculation of the long-distance contribution to the Diósi-Penrose energy for the four cases of Figure 3 is given in Appendix 4, and yields
long-distance contribution to the Diósi-Penrose energy of a solid (23) for displacements ∆s being much smaller than the solid's extension (∆s<< 3 √ V ). The geometric factors α geo of this result are given by Equation (17) and are exactly the same as those found for the short-distance contribution to the Diósi-Penrose energy for small displacements (16) . The quadratic increase of the long-distance contribution to the Diósi-Penrose energy (23) with the displacement at displacements much smaller than the solid's extension is generic, since the attracting gravitational force between the solids can be linearised for ∆s<< 3 
√
V .
Proportionality between Diósi-Penrose energy and volume is not generic
It is important to note that the proportionality between the solid's long-distance contribution to the Diósi-Penrose energy E G and the solid's volume V ( Equation 23) is, in contrast to the short-distance contribution to the Diósi-Penrose energy (Equation 21), not generic. For a rod being displaced parallel to its direction, the long-distance contribution to the Diósi-Penrose energy does not linearly increase with the rod's length. It converges to a constant value for large lengths of the rod.
Common view on the short-and long-distance contribution
In the four cases of Figure 3 , where the solid's long-distance contribution to the Diósi-Penrose energy is proportional to the solid's volume, and which are sufficient for the practical applications discussed here, Equations (21) and (23) for the short-and longdistance contributions can be joined as follows: Fig. 4 : Dependency of the short-and the long-distance contributions to the Diósi-Penrose energy on the displacement ∆s for a displaced plate consisting of a solid withq =1 andḡ/σ=20.
For the typical values ofq ≈1 andḡ/σ≈20 these factors are
For displacements much smaller than the nuclei's spatial variation (∆s<<σ), the shortand long-distance contributions both quadratically increase with the displacement ∆s. However, the long-distance contribution is by a factor of χ≈ 1 60 smaller, which allows us to neglect the long-distance contribution in this regime. This means that for ∆s<<σ the Diósi-Penrose energy is mainly determined by the solid's microscopic mass distribution resulting from its nuclei. For displacements much larger than the solid's mean lattice constant (∆s>>ḡ), the long-distance contribution dominates the Diósi-Penrose energy 7 . In this regime, the solid can be regarded as a continuum with a constant mass density ρ for the calculation of the Diósi-Penrose energy. In the intermediate regime, both contributions, i.e. short-and long-distance, have to be taken into account. Figure 4 visualises the dependency of the short-and long-distance contributions to the Diósi-Penrose energy on the displacement ∆s for a displaced plate 8 consisting of a solid withq =1 andḡ/σ=20. The figure shows that the short-distance contribution dominates for ∆s<<σ and the long-distance contribution for ∆s>>ḡ. On the interval [5σ,ḡ] the Diósi-Penrose energy is approximately given by T S G V . From the above discussion, it follows that the Diósi-Penrose energy of a superposed solid can be estimated by the following rule of thumb:
rule of thumb for the Diósi-Penrose energy of a superposed solid
The characteristic quantities of a solid, which are needed for calculating the Diósi-Penrose energy, are its characteristic Diósi-Penrose energy density T S G , its mean lattice constantḡ, the spatial variation of its nuclei σ and the quadratic mass factorq. From Table 1 , which shows these quantities for the selected solids, it follows that the solids mainly differ by their characteristic Diósi-Penrose energy densities T S G , which scale with the square of the solid's mass densities ρ. In the long-distance regime (∆s>>ḡ) only the solid's mass density ρ is needed for calculating the Diósi-Penrose energy, as one can see from Equation (23) . Beside these, the solid characterising quantities, the Diósi-Penrose energy depends on the geometric factor α geo , the solid's volume V and the displacement ∆s.
Differences in Diósi's approach
In Diósi's approach the operator for calculating the mass density must, according to Equation (5), be smeared by a characteristic radius σ D . This characteristic radius σ D was originally chosen by Diósi to be in the order of the nucleon's radius, i.e. σ D ≈10 −13 cm [15] , and was later revised by Ghirardi to a much greater value of σ D ≈10 −5 cm [16] . This correction was necessary to avoid a too-strong permanent increase of total energy [16] . Since the characteristic radius σ D is much larger than the solid's mean lattice constant ofḡ ≈ 2 · 10 −8 cm, the solid's microscopic mass distribution plays no role. This allows one to idealise the solid as a continuum with constant mass density; a result that has already been pointed out by Diósi himself [19] . This means that the short-distance contribution to the Diósi-Penrose energy must be omitted in Diósi's approach. This leads in the short-distance regime (∆s<<σ) to a factor of χ≈ smaller Diósi-Penrose energy 9 and therefore to typically 60 times larger lifetimes T G of the solid. In the long-distance regime (∆s>>ḡ), in which the short-distance contribution can be neglected and the solid can be idealised as a continuum, Diósi's approach leads to the same results as discussed in Section 3.4.
Combinations of solids
In the application of our results to detector components in Section 4, we have to consider combinations of different solids. This is the case in e.g. the plate capacitor of Figure 5 , whose dielectric is compressed by the electrical forces between its plates. The compression of the capacitor's dielectric can be discussed with the extended plate, and the movement of the capacitor's plates with the displaced plate in Figure 3 . In this section, we suggest that the total long-distance contribution to the Diósi-Penrose energy of such combinations is not simply the sum of its parts, which is the case for the total short-distance contribution to the Diósi-Penrose energy. In Appendix 5, it is shown that one obtains interference terms for the total long-distance contribution to the Diósi-Penrose energy, in addition to the sum of the long-distance contributions of the parts. Furthermore, it is shown that these interference terms vanish for the plate capacitor in Figure 5 , when the size of its plates is much greater than the thicknesses of its dielectric and its plates. In the following calculations of the Diósi-Penrose energies of detector components, these interference terms are neglected.
Diósi-Penrose criterion for detector components in quantum superpositions
In this section, we apply the results for solids in quantum superpositions to the components of the single-photon detector that will be discussed in Section 5. These are plate capacitors, photodiodes, resistors, wires and piezoactuators. In Section 4.1, we discuss plate capacitors, which will be used for biasing the avalanche photodiodes. In Section 4.2, we derive formulae for resistors and wires, which can be adapted to photodiodes also. In Section 4.3, we discuss a piezoactuator, with which the detector's lifetime can be shortened.
Plate capacitors
In this section we calculate the Diósi-Penrose energy of a plate capacitor in a superposition of two states, in which different voltages of V and V +∆V are applied to it. There are three effects contributing to the capacitor's Diósi-Penrose energy, which are the compression of its dielectric by the electric force between the plates, the polarisation of its dielectric, and the Diósi-Penrose energy resulting from the masses of the electric charge on its plates. The discussion in Section 5.1 will show that the compression of the capacitors dielectric is the dominating effect, and that the other two effects can be neglected. 
Compression of the dielectric
We consider the plate capacitor in Figure 5 , whose plates have an area of A and a thickness of d m , and whose dielectric has a thickness of d. When the capacitor is charged, the electric force between its plates compresses its dielectric slightly. How the dielectric's thickness d changes with the pressure P of the plates on the dielectric is described by the modulus of elasticity E e according to the following relation [20] :
A change of the capacitor's voltage by ∆V displaces its plates by a distance of ∆s as follows (∆s=∆d/2) 10 :
where 0 is the electric constant and r the dielectric's relative permittivity. In Appendix 5 it is shown that the Diósi-Penrose energy of the capacitor (staying in a superposition of states with voltages of V and V +∆V ) is the sum of the Diósi-Penrose energies of the dielectric and of the two plates when the size of its plates is much greater than the thicknesses of its dielectric and its plates ( √ A>>d, d m ). The Diósi-Penrose energy resulting from the compression of the dielectric corresponds to the extended plate in Figure 3 , and the Diósi-Penrose energy resulting from the displacements of the plates to the displaced plate in Figure 3 . This leads with Equation (24) to:
where the indices d and m of the nuclei's spatial variation σ, the mean lattice constant g, the quadratic mass factorq and the mass density ρ refer to the materials of the capacitor's dielectric and its metal plates respectively. In the single-photon detector discussed in Section 5.1, the displacements of the capacitor's plates ∆s are so small that one can restrict to the short-distance contribution to the Diósi-Penrose energy, which simplifies Equation (30) to:
where T d G and T m G are the characteristic Diósi-Penrose energy densities of the capacitor's dielectric and of its plates. With the Diósi-Penrose criterion (T G ≈h/E G ) and Equation (31), we can now estimate how long the capacitor will stay in a superposition of states with voltages of V and V +∆V . The lifetime T G of this calculation has to be compared to the settling time ∆t the capacitor's plates' need for being displaced by a voltage change of ∆V , where the settling time ∆t has to be much smaller than the superposition's lifetime T G (∆t<<T G ). The settling time ∆t follows from the solid's longitudinal sound velocity v || by the relation:
Polarisation of the dielectric
The physical origin of the dielectric's relative permittivity r is that charged particles are displaced when an electric field is applied. These displacements also contribute to the capacitor's Diósi-Penrose energy. The discussion in Section 5.1 will show that the displacements ∆s resulting from the dielectric's polarisation are much smaller than those resulting from its compression. The displacements ∆s resulting from the dielectric's polarisation can be estimated by assuming that the dielectric consists of two ions with charges of +e, −e and identical masses m. The displacement of the ions ∆s is then given by
Diósi-Penrose energy resulting from the capacitor's charge
When the capacitor is charged, the weight of its plates will slightly increase due to the electrons' masses m e . The Diósi-Penrose energy resulting from this effect is given by
Wires and resistors
In this section we consider wires and resistors in quantum superpositions. We assume that in one state of the superposition a current I(t) has flowed through the component and in the other state not. The temperature increase ∆T resulting from the heat energy ∆W generated by the current flow I(t) from t=0 until t=t s is given by 13 
∆T =ḡ
where l and r are the length and radius of the wire (resistor), ρ Ω its electrical resistivity and R its resistance. The temperature increases ∆T causes a thermal expansion of the component, which leads in the case of a wire to so-called longitudinal and transverse displacements ∆s || and ∆s ⊥ , which are illustrated in Figure 6 . The longitudinal displacement ∆s || increases proportionally with the wire's radius r, and the transverse displacement ∆s ⊥ with the wire's so-called effective length l e , whose definition becomes obvious with the illustration in Figure 6 . The displacements ∆s || and ∆s ⊥ can be calculated with the help of the solid's thermal expansion coefficient α L as follows [20] :
The long-distance contribution to the wire's Diósi-Penrose energy is given by Equation (23) with ∆s=∆s ⊥ and α geo = for the extended rod 14 . The short-distance contribution to the wire's Diósi-Penrose energy is given by Equation (21) with ∆s=∆s || and α geo = 1 3 for the extended plate. Both contributions together yield 13 This follows with ∆T =∆W/c V , ∆W =R ts 0 dtI 2 (t), c V =3k B N , N =πr 2 l/ḡ 3 and R=ρ Ω l/(πr 2 ), where c V is the specific heat and N the total number of atoms.
14 The Diósi-Penrose energy resulting from the effect that the rod also becomes longer (not only thicker, as assumed for the extended rod) can be neglected.
The discussion of the single-photon detector in Section 5.1 will show that the thermal expansions of the wires and resistors are so small that one can restrict to the shortdistance contribution, which simplifies Equation (37) to
The settling time ∆t for the wire's longitudinal displacement ∆s || is given by
where v || is the wire's longitudinal sound velocity.
Metal-film resistors shorten the lifetime
In this section, we discuss the question of how to construct a resistor to obtain a low Diósi-Penrose energy, respective long lifetime of the resistor (T G =h/E G ). The Diósi-Penrose energy of a resistor increases with the inverse of its electrical resistivity ρ Ω , when the resistor's resistance R and length l is kept constant 15 :
To obtain a long lifetime, it is recommended not to use commercially available metal-film resistors, which use thin metal layers to create their resistance. In Section 5.1, in which we show how long a single-photon detector can stay in a superposition, we therefore construct the resistor by means of a rod of doped silicon with an electrical resistivity of approximately ρ Ω ≈1Ωcm instead of a metal-film resistor with electrical resistivities of the order of 10 −5 Ωcm to 10 −6 Ωcm. 15 According to Equations (35) and (36) ∆s || changes with the resistivity as ∆s || ∝ρ
Ω . According to Equation (38) and R=ρ Ω l/(πr 2 ) the Diósi-Penrose energy changes with ρ Ω and ∆s || as
Piezoactuators
In this section, we calculate the Diósi-Penrose energy of a piezoactuator in a quantum superposition. We assume that a voltage of V is applied to the actuator in one state of the superposition, and no voltage in the other state. Since piezoactuators can generate large displacements ∆s, they can be used to shorten the lifetimes of quantum superpositions, as done by Salart et al. [13] to enforce reduction in an EPR experiment. We now regard the simplest variant of a piezoactuator, which consists of a plate capacitor with a piezo as dielectric, as illustrated in Figure 7 . When a voltage is applied, the piezo presses the capacitor's plates apart from each other by the converse piezoelectric effect. Commercially available piezoactuators consist of several layers of such piezo capacitors to achieve larger displacements [21] . The following results can easily be adapted for more than one piezo layer. To simplify discussion, we regard piezos in which only the d 33 -component of the matrix for the converse piezoelectric effect is relevant 16 . The d 33 -component describes how much the piezo's extension in the z-direction changes when an electrical field in the same direction is applied by the following relation [21] :
where E is the applied electric field and d the piezo's thickness. When a voltage of V is applied, the piezo capacitor's plates move by [21] 17
The Diósi-Penrose energy of the piezo capacitor is the same as that of the plate capacitor (30) discussed in Section 4.1:
The index p in this expression refers to the piezo. For displacements much larger than the mean lattice constant (∆s>>ḡ), which can easily be achieved with piezo actuators, Equation (43) simplifies to
The settling time ∆t of the piezo capacitor for becoming displaced depends on the frequency dependency of the piezo electric d 33 -coefficient, in addition to the aforementioned effect resulting from the finite sound velocities of the piezo v p || and the metal plates v m || . The settling time ∆t resulting from the sound velocities is given by
Diósi-Penrose criterion for a single-photon detector
In this section, we apply the so-far derived results by discussing the question of how long a concrete single-photon detector can stay in a superposition of the states, in which it "has" or respectively "has not" detected the photon. Such a superposition occurs e.g. when measuring a photon, which is split into two beams by a beam splitter. For the calculation of the single-photon detector's lifetime, one has to take into account that all components and devices, which are involved in the detection process, influence the detector's lifetime when they have in the detection state and the no-detection state different mass distributions generating a Diósi-Penrose energy. This means that measurement devices, such as voltmeters, and also the detector's power supply, can influence the detector's lifetime. We therefore discuss a single-photon detector, which interacts as little as possible with its environment during superposition. This is achieved by disconnecting the detector from measurement devices during superposition, and by taking the measurement results at a sufficient time after the superposition has reduced, by checking whether the voltage at a capacitor has dropped due to an avalanche current in the photodiode. To avoid interaction with the power supply, the detector's photodiode is biased by a plate capacitor (instead of a usual power supply), which is charged shortly before the photon's arrival. Figure 8 shows the setup of the single-photon detector. The photon is detected by an avalanche photodiode, which is biased by the capacitor on the left. For the photodiode, we consider a commercially available thick silicon SPAD with a breakdown voltage of typically V B ≈ 420V [23] . The SPAD is biased by an excess bias voltage of V E = 15V above the breakdown voltage V B , for which thick silicon SPADs can have detection probabilities of about 50% [23] . Due to the finite detection probability of the photodiode, the detector will evolve into a superposition of a detection and no-detection state, even if it measures a not-split photon. The avalanche current flowing through the photodiode when a photon is detected behaves as [23] 
Single-photon detector
where R d is the SPAD's internal resistance, being typically R d ≈500Ω [23] , R the resistance of the resistor and C the capacitance of the capacitor in Figure 8 . The avalanche current stops when it falls below the so-called latching current I q of typically I q ≈0.1mA [23] . For the chosen parameters (R d =500Ω, R, C according to Figure 8 ) the avalanche current I(t) reaches the latching current at t s ≈ 4µs. At this point in time, the voltage at the capacitor has almost dropped to the photodiode's breakdown voltage of V B ≈ 420V . This means that the capacitor will stay after t s in a superposition of states with voltages of 420V and 435V corresponding to the detection and no-detection states.
To determine the temperature increase ∆T in the resistor, wires and the photodiode, we have to calculate the integral dtI(t) 2 in Equation (35) for the avalanche current from t=0 until t=t s , which yields for the chosen parameters
Lifetime of the detector
In this section, we calculate the lifetime of the single-photon detector in Figure 8 . For this, we determine the Diósi-Penrose energy of every component, i.e. the photodiode, the capacitor, the resistor and the wires connecting these components. The result for the Diósi-Penrose energy E G of every component is expressed by the corresponding characteristic lifetime T G following the Diósi-Penrose criterion by the formula T G =h/E G .
Plate capacitor
For the capacitor in Figure 8 with a capacitance of C=390pF , we regard a plate capacitor with dimensions of A=49cm 2 , d=1mm and d m =0.03mm (see Figure 5 ), plates of copper and a dielectric of corundum (Al 2 O 3 ), which has a relative permittivity of r =9 and a modulus of elasticity of E e ≈ 350− 406GP a [24] . The voltage drop from 435V to 420V at photon detection causes, according to Equation (29), a displacement of ∆s/σ≈ 1 360 with regard to the nuclei's spatial variation of corundum of σ≈ 0.04Å (see Table 1 ). This leads with Equation (31) to a characteristic lifetime of T G ≈ 70ms, which is much longer than the settling time of ∆t≈0.05µs estimated with Equation (32).
The displacement of the dielectric's nuclei resulting from its polarisation, which is described by Equation (33), is roughly 200 times smaller than the displacement resulting from the dielectric's compression of ∆s/σ≈ 1 360 . The Diósi-Penrose energy resulting from the capacitor's charge, which is described by Equation (34), leads to a lifetime of T G ≈ 10 15 s. The Diósi-Penrose energy of both effects can be neglected compared to that resulting from the dielectric's compression.
Resistor
For the resistor in Figure 8 with a resistance of R=2kΩ, we regard a rod of n-doped silicon with an electrical resistivity of ρ Ω = 5Ωcm (corresponding to a doping concentration of about 10 15 /cm 3 [24] ), a length of l=13cm and a radius of r=1mm instead of a metal-film resistor, as recommended in Section 4.2. With Equations (35) and (47), we obtain a temperature increase of about ∆T ≈3 · 10 −8 K, which leads with Equation (36) and α L =2.6 · 10 −6 K −1 [24] to a longitudinal displacement of about ∆s || /σ≈ 1 1400 with respect to the nuclei's spatial variation of silicon of σ≈ 0.07Å (see Table 1 ). This leads with Equation (38) to a characteristic lifetime of T G ≈ 45s.
Wires
For the wires connecting the components, we consider a wire of copper with a length of l=200cm, an effective length of l e =4cm and a radius of r=0.5mm (see Figure 6 ), which leads with ρ Ω =1.7 · 10 −6 Ωcm [24] to a resistance of R≈0.04Ω. With Equations (35) and (47), we obtain a temperature increase of about ∆T ≈10 −13 K, which leads with Equation (36) and α L =16.7 · 10 −6 K −1 [24] to a longitudinal displacement of about ∆s || /σ ≈ 5 · 10 −9 with respect to the nuclei's spatial variation of copper of σ≈ 0.08Å (see Table 1 ). This leads with Equation (38) to a characteristic lifetime of T G ≈ 2 · 10 10 s.
Photodiode
The p-n junction of a thick silicon SPAD can be modelled by a disc with a thickness of d=70µm and a radius of r=250µm 18 . To obtain the typical internal resistance of R d ≈500Ω [23] , we have to assume a doping concentration of 3·10 15 /cm 3 with an electrical resistivity of about ρ Ω ≈1.4Ωcm [24] . With Equations (35) and (47), we obtain a temperature increase of about ∆T ≈2 · 10 −4 K, which leads with Equation (36) and α L =2.6 · 10 −6 K −1 [24] to an increase of the disc's radius of about ∆r/σ≈ 1 50 with respect to the nuclei's spatial variation of silicon of σ≈ 0.07Å (see Table 1 ). The Diósi-Penrose energy of the extended disc can be calculated with Equation (16) , ∆s=∆r), which leads to a characteristic lifetime of T G ≈ 1000s.
Summary
Our calculations of the plate capacitor's, resistor's, wires' and photodiode's characteristic lifetimes T G can be summarised as follows: 18 The thickness of the depletion layer of thick silicon SPADs ranges from 20−150µm and the diameter of their active areas from 100−500µm [23] .
The lifetimes T G of these components are also displayed in Figure 8 . Equation (48) shows that the detector's lifetime is mainly restricted by the plate capacitor's lifetime of about T G ≈ 0.1s. This follows from the slightly different compressions of its dielectric by voltages of 435V and 420V in the superposed states. Through a suitable dimensioning of the plate capacitor, it is possible to increase its lifetime, and hence the single-photon detector's lifetime, in the range of seconds. The thermal extensions in the resistor, the photodiode and the wires lead to much lower Diósi-Penrose energies and longer lifetimes than the compression of the plate capacitor's dielectric. From Figure 8 , one can see that the lifetimes of these components are longer for smaller resistances.
Differences in Diósi's approach
In Diósi's approach, in which the operator of mass density has to be smeared, the detector's lifetime is expected to be even larger. Since the displacements are much smaller than the nuclei's spatial variation (∆s<<σ), the Diósi-Penrose energies are, according to the discussion in chapter 3.5, by the factor χ ( Equation 25) smaller, and the lifetimes by χ −1 larger. This leads to a factor of about 60 longer lifetime of the single-photon detector.
Shortening of the lifetime with a piezoactuator
In this section, we investigate how much the lifetime of our single-photon detector can be shortened with the help of a piezoactuator. For this, we let the avalanche current of the photodiode charge the piezo capacitor in Figure 7 , as illustrated in Figure 9 . Fig. 9 : Single-photon detector triggering a piezoactuator in order to shorten its lifetime T G . The inset shows the displacement of the piezo capacitor's plates at t = T G (≈0.5µs), when the superposition is expected to be reduced.
To simplify discussion, we assume that the capacitance C of the plate capacitor biasing the photodiode is much larger than that of the piezo capacitor C p . The voltage at the piezo capacitor behaves then as:
The lifetime T G of the piezoactuator cannot be determined with the Diósi-Penrose criterion (T G ≈h/E G ), since its Diósi-Penrose energy E G is not constant over time when this component is in a superposition (which is the case with the components discussed in the previous chapter). The piezoactuator's lifetime T G can be calculated with the following generalisation of the Diósi-Penrose criterion:
In order to obtain short lifetimes, one needs piezos with high piezo electric coefficients, which are given for piezoelectric ceramics of lead zirconium titanate (PZT). The following calculations refer to the product PIC-153 of PI Ceramic GmbH with a d 33 -coefficient of d 33 =600 · 10 −10 V −1 cm and a relative permittivity of r =4200 [22] . For PIC-153, only the d 33 -component of the matrix for the converse piezoelectric effect is relevant, as assumed in Section 4.3. Our piezo capacitor shall have plates of copper with diameters of 3mm and thicknesses of 0.1mm, and its piezo shall have a thickness of 0.2mm, as shown in Figure 9 19 . With the voltage curve (49), Equations (42) and (43) for the piezo capacitor's Diósi-Penrose energy and the generalised Diósi-Penrose criterion (50), one obtains for an excess bias voltage of V E = 15V a lifetime of T G ≈ 0.52µs for our piezo capacitor. This lifetime is smaller than the time t s ≈ 3.7µs 20 at which the avalanche currents stops. The estimated lifetime is longer than the piezo capacitor's settling time of ∆t≈0.05µs following from the sound velocities according to Equation (45); the inverse of this lifetime is still in the range of the typical working frequencies of PZT piezos, which reach up to 3M Hz [22].
When the superposition reduces at t≈T G (≈0.52µs), the piezo capacitor's plates are displaced by ∆s≈25Å 21 , as shown in Figure 9 . This displacement is much larger than the typical mean lattice constant ofḡ≈2Å, which allows us to neglect the short-distance contribution to the Diósi-Penrose energy. If one calculates the Diósi-Penrose energy E G with Equation (44) instead of (43), which neglects the short-distance contribution, one would obtain roughly the same result: T G ≈ 0.54µs. This means that Diósi's approach, in which the short-distance contribution to the Diósi-Penrose energy has to be omitted, predicts approximately the same lifetime T G for the piezoactuator.
To shorten the piezoactuator's lifetime, one can use piezoactuators with more than one layer, increase the excess bias voltage V E , increase the thickness d m of the piezo capacitor's metal plates, or use metal plates with a larger mass density ρ m 22 . For an excess bias voltage of V E = 50V and plates of platinum with a thickness of d m =0.2mm, one obtains a lifetime of T G ≈ 0.1µs. This lifetime is now as long as the piezo capacitor's settling time of ∆t≈0.1µs following with Equation (45) and the inverse of this lifetime is already beyond the typical working frequencies of PZT piezos of 3M Hz. 19 PZT-discs with diameters of 3mm and thicknesses of 0.2mm are the smallest standard dimensions offered by PI Ceramic GmbH [22] . 20 This time follows with Equation (49), I(t)=V (t)/R d and a latching current of I q ≈0.1mA. 21 This follows with Equations (42) and (49). 22 The dependence of the piezo capacitor's lifetime T G on its dimensioning is complicated and is discussed in [2] . It depends on whether the charging of the piezo capacitor finishes before or after the piezo capacitor's lifetime T G , where the time constant for charging the piezo capacitor is R d C p ≈ 0.66µs. In the example of Figure 9 , the charging of the piezo capacitor is finished at roughly T G .
Discussion
In this paper, we showed how the Diósi-Penrose criterion can be applied to concrete setups, such as our single-photon detector. Our result that the detector can stay up to seconds in a superposition of states with voltages of 420V and 435V is astonishing. It is evident that this superposition will immediately reduce when one tries to measure the voltage at the capacitor. This result is currently of only academic interest, since it cannot be checked by experiments. The result that quantum superpositions can be reduced in the range of microseconds with the help of piezoactuators is more important. This is of interest in EPR experiments investigating special aspects of wavefunction collapse, in which it is important to know the point in time when the superposition reduces, as in e.g. [13] .
Our application of the Diósi-Penrose criterion to concrete setups was based on the calculation of Diósi-Penrose energies of solids in quantum superpositions. We found that the solid's Diósi-Penrose energy can essentially be determined with the help of three quantities: the solid's characteristic Diósi-Penrose energy density, its mean lattice constant, and the spatial variation of its nuclei. We found a quadratic increase of the Diósi-Penrose energy with the displacement for displacements smaller than the nuclei's spatial variation; and for displacements larger than the mean lattice constant, where the latter is typically by a factor of 60 smaller. In the intermediate regime, the solid's Diósi-Penrose energy is approximately given by its characteristic Diósi-Penrose energy density. We have discussed solids at room temperature. However, our results can easily be adapted for low temperatures by calculating the nuclei's spatial variation for this case.
We found that the smearing of the mass density operator in Diósi's approach leads to significantly smaller Diósi-Penrose energies (and therefore to longer lifetimes) at small displacements. This result is of interest, for instance, for a discussion of Marshall's mirror experiment [7] .
In [2] , we apply our results to the experimental proposal for checking the Dynamical Spacetime approach to wavefunction collapse [3, 4] . Our formulae for detector components in quantum superpositions (Section 4) are applied to the components of the proposed setup, which allows for a precise forecast of the point in time at which the setup's superposition reduces.
Appendix 2: Diósi-Penrose energy of a single nucleus
In this appendix we derive Equation (7) for the Diósi-Penrose energy of a single nucleus. We start with the case ∆s>>σ, in which the nuclei in the states are far separated from each other.
Case ∆s>>σ
For ∆s>>σ, the Diósi-Penrose energy (3) simplifies to
where ρ(x) is the nucleus' mass distribution and Φ(x) its gravitational potential. The gravitational potential of the nucleus at a distance r from its centre can be split into a potential resulting from the masses inside the radius r, and a potential resulting from the masses outside r, as:
where the potentials Φ i (r) and Φ e (r) are given by 
With the potential split (56), the Diósi-Penrose energy (55) can be written as
2 ρ(r)(Φ i (r) + Φ e (r)) .
By inserting the potentials (57) into Equation (59), we obtain: 
The left integral, which refers to the area below the diagonal between the r-and r -axis, can be converted as: 
With this transformation, the left and right integrals in Equation (60) become identical, which simplifies this expression to
The integration over dr can be solved with the substitution z=r 2 , which leads to an integral over an exponential function. The remaining integral over dr can be solved with the identity [25] ∞ 0 dx x 2 e −a 2 x 2 = √ π 4a 3 .
This leads to
which is the Diósi-Penrose energy of a single nucleus according to Equation (7) for ∆s>>σ.
Case ∆s<<σ
For ∆s<<σ, the differences of the mass distributions and gravitational potentials in the Diósi-Penrose energy (3) can be approximated as follows: ρ 1 (x) − ρ 2 (x) = dρ(r) dr cos(Θ)∆s Φ 1 (x) − Φ 2 (x) = dΦ(r) dr cos(Θ)∆s ,
where Θ is the angle between x and the displacement ∆s and r the length of x. By inserting this into Equation (3), we obtain: 
The derivatives 
Inserting this into Equation (67) yields
The integral in this result can be converted with Equation (61) to integral (62). By replacing this integral by Equation (64), we obtain:
which is the Diósi-Penrose energy of a single nucleus according to Equation (7) for ∆s<<σ.
Case ∆s>4σ
Since approximately 95% of a nucleus' mass is inside a radius of 2σ from its centre, the Diósi-Penrose energy behaves for ∆s>4σ approximately like the Diósi-Penrose energy of a point-shaped nucleus, i.e.
From this result and (64) (E G (∞)=Gm 2 / √ πσ)), it follows that the function f σ (x) in Equation (7) behaves for ∆s>4σ as:
.
The characteristic frequency of the Debye model (77) ω D , the Debye frequency, is related to the so-called Debye temperature Θ D by [17] hω
where the Debye temperature Θ D can be determined from the temperature profile of the solid's specific heat [17] . Inserting Equation (81) into (80) yields Equation (12):
Alternatively, the Debye frequency ω D can be estimated with the solid's longitudinal and transverse sound velocities v || and v ⊥ by [17] 
which leads to Equation (13):
where x is the distance from the centre of the plate. Due to their extensions, the mass distributions of the plate, rod and sphere change in state 2 as:
